Abstract Dementia with Lewy bodies (DLB) is often associated with occipital hypometabolism or hypoperfusion, as well as deficits in cholinergic neurotransmission. In this study, 11 mild DLB, 16 mild AD and 16 age-matched controls underwent arterial spin-labeled perfusion MRI (ASL-pMRI) and neuropsychological testing. Patterns of cerebral blood flow (CBF) and cognitive performance were compared. In addition, combined ASL-pMRI and ChEI drug challenge (pharmacologic MRI) was tested as a probe of cholinergic function in 4 of the DLB participants. Frontal and parietooccipital hypoperfusion was observed in both DLB and AD but was more pronounced in DLB. Following ChEI treatment, perfusion increased in temporal and parieto-occipital cortex, and cognitive performance improved on a verbal fluency task. If confirmed in a larger study, these results provide further evidence for brain cholinergic dysfunction in DLB pathophysiology, and use of pharmacologic MRI as an in vivo measure of cholinergic function.
Introduction
Decreased metabolism or cerebral blood flow (CBF) in the occipital cortex (Imamura et al. 1999; Ishii et al. 1998; Lobotesis et al. 2001; Pasquier et al. 2002; Varma et al. 1997 ) is a finding supportive of a diagnosis of dementia with Lewy Bodies (DLB) (McKeith 2006) . However, this is not always present (Kemp et al. 2007) , and other regions of hypometabolism or hypoperfusion have been reported in DLB, including parieto-occipital (Colloby et al. 2002; Lobotesis et al. 2001; Varma et al. 1997) , frontal (Defebvre et al. 1999) , or parietal, temporal, and occipital lobes (Ishii et al. 2007 ). The majority of these studies included patients with mild to moderate cognitive impairments , while only a few studies included mild disease (Ishii et al. 2007; Whitwell et al. 2007 ). Therefore, differences in severity and stage of illness may contribute to the variable findings; other reasons may arise from the small numbers of participants in these studies, and differences in the imaging modality and analysis used.
In DLB there is a greater deficit in choline acetyltransferase (ChAT) activity in the temporoparietal cortex (Tiraboschi et al. 2002 ) and a greater loss of cholinergic projections from the striatum and pedunculopontine nucleus to the thalamus (Francis and Perry 2007) than in Alzheimer's disease (AD). Recent PET imaging studies in DLB confirm widespread reductions in cholinergic activity throughout the cerebral cortex (Shimada et al. 2009 ) with reduced acetylcholinesterase binding in occipital, parietal, temporal, and frontal lobes (Klein et al. 2010) . In contrast, the cholinergic deficit in early AD is minimized by compensatory up-regulation of ChAT activity in the hippocampus and the frontal cortex (DeKosky et al. 2002) . These findings are supported by observations that the clinical response to cholinesterase inhibitor (ChEI) treatment in DLB is often dramatic (McKeith et al. 2000) , in contrast to modest effects observed in AD (Aarsland et al. 2003) .
For these reasons, we were motivated to further characterize the patterns of cerebral blood flow in patients with mild DLB, and to investigate the contributions of the cholinergic system to such changes in CBF. Arterial spinlabeled perfusion MRI (ASL-pMRI) (Detre and Alsop 1999 ) is a non-invasive technique that uses magnetic labeling of water in arterial blood as a diffusible tracer to generate quantitative measures of absolute CBF. ASLpMRI has been applied to the study of AD, stroke, epilepsy, and normal brain function (Detre et al. 2009 ) and the findings in these studies are consistent with other established neuroimaging methods. In addition to use in differential diagnosis, ASL-pMRI is ideally suited for pharmacologic MRI (phMRI), a technique that measures the effects of drug challenges on neuronal activity and can provide an assessment of in vivo neurotransmitter function with high anatomic resolution. For example, phMRI can provide insight into the cholinergic deficits observed in dementia. Previous studies in AD have shown that a single dose of ChEI increases posterior parietotemporal and superior frontal perfusion (Ebmeier et al. 1992; Geaney et al. 1990 ); or, after 6 months of treatment with ChEI, AD patients who had improvement in clinical status, reasoning, working memory, and sustained attention had corresponding increases in CBF (Venneri et al. 2002) . In DLB patients with hallucinations, treatment with ChEI results in a focal increase in CBF in the occipital cortex, and this correlated with a reduction in hallucinations (Mori et al. 2006) .
In the present study, ASL-pMRI was used to examine CBF in patients with mild DLB compared to AD (comparison study), and in a small group of DLB participants before and after treatment with a ChEI (phMRI study). We propose that ASL-pMRI is capable of detecting hypoperfusion even in mild DLB compared to mild AD, and that combined ASL-pMRI and pharmacologic challenge (ChEI) can be used as a probe of cholinergic function.
Materials and methods

Participants
Two separate studies were performed, a cross-sectional comparison study, and a separate pilot pharmacologic study (phMRI study), with some participants completing both. Participants with probable DLB, probable AD, and normal age-matched controls were recruited for the studies. For the comparison study, 43 participants (11 probable DLB, 16 probable AD, and 16 normal age-matched controls) underwent ASL-pMRI and cognitive testing. Participants with dementia were limited to those with MMSE scores greater than 20. One DLB participant was excluded from the comparison study due to a frontal venous anomaly, to make the final N=10 in the comparison study. The AD and control participants were a subset of a larger cohort previously analyzed and published elsewhere (D. C. Alsop et al. 2008) . A separate pilot study to test the utility of ASL-pMRI to measure perfusion changes in DLB following treatment with ChEI (phMRI study) was conducted, as described below. The phMRI study included 4 DLB participants, three of whom were in the comparison study, plus one additional DLB participant excluded from the comparison study (frontal venous anomaly). Diagnosis of AD or DLB was made by 2 experienced neurologists using the NINCDS/ADRDA criteria for AD (Tierney et al. 1988) or consensus criteria for "probable" DLB (McKeith 2006) . Demographic information is summarized in Table 1 . Eligible participants were recruited from the Behavioral Neurology Unit at Beth Israel Deaconess Medical Center, Boston, MA. Age-and education-matched controls were recruited from amongst spouses of participants in this and other research studies, to minimize recruitment biases. The Committee on Clinical Investigations of Beth Israel Deaconess Medical Center approved the study protocol. All participants gave written informed consent. Participants with dementia who demonstrated ability to make choices and who were capable of understanding associated risks and benefits to study participation were allowed to provide their own consent. Participants with limited cognitive abilities were required to provide assent for study participation, and a health care proxy, spouse, or close family member provided informed consent.
All potential participants underwent detailed history and physical examinations, routine laboratory testing and imaging as part of a diagnostic clinical evaluation. Participants with clinical depression, history of brain trauma, or epilepsy were excluded to eliminate any potentially confounding effects from such conditions. Participants with significant cerebrovascular disease, either by clinical history or by neuroimaging (CT or MRI showing territorial or lacunar infarcts, or extensive white matter changes) were also excluded, to minimize the cooccurrence of vascular dementia. All participants were proficient in the English language.
Cognitive assessment and clinical severity rating Neuropsychological testing included the MMSE (Folstein et al. 1975) , the Consortium to Establish a Registry for Alzheimer's Disease neuropsychological battery (CERAD), controlled oral word association test (COWAT), Boston Naming Test (BNT), and digit span. For the phMRI study, participants were given a modified battery testing similar domains, including the Rey auditory verbal learning task (RAVLT) instead of the CERAD to assess memory. All but 3 of the 43 enrolled participants were tested on the day of the MRI scan. Due to unavoidable logistical constraints, two AD participants were tested 2 weeks after their scan and one control participant was tested 5 months after the MRI. Some cognitive data were missing due to participant fatigue.
Image acquisition
Brain MRI scans were acquired using one of two 3 Tesla whole body scanners (GE Healthcare Technologies, Milwaukee WI). Subjects participating only in the comparison study, which preceded the phMRI study, were studied on a 3T VH/I scanner using the transmit receive head coil; for the phMRI study, participants were scanned using a 3T HD scanner and the 8 channel array receive coil. ASL-pMRI (Williams et al. 1992 ) was performed in the entire supratentorial brain with 3D imaging sequences. The comparison study subjects were imaged identically to the methods described in Alsop et al (D. C. Alsop et al. 2008) . Briefly, continuous ASL was achieved using flow driven adiabatic inversion and an improved version of a previously published method for subtracting off-resonance saturation effect (D. C. Alsop and Detre 1998) . A background suppressed 3D Fast Spin Echo sequence with cubic resolution of 3.8 mm was employed. Acquisition of the perfusion image and the reference images needed for perfusion quantification required approximately 30 min. For the phMRI study, a faster 3D Spiral FSE sequence was employed using pulsed continuous labeling (Dai et al. 2008) . The sequence had nominal spatial resolution of 3.8×3.8×4 mm, however the images appear slightly blurrier due to T2 decay during the longer FSE readout. Quantification of both ASL sequences was identical to that previously described (D. C. Alsop et al. 2008) . Foam padding inserted around the participant's head was used to minimize motion. All patients tolerated the 3T MRI without adverse effects. Table 1 Demographic characteristics of study groups. The total DLB cohort (n=11) is described separately by participant inclusion in the comparison study (n=10) or the treatment study (n=4). Of the total DLB cohort, one participant was excluded from the comparison study because of a small venous angioma (right frontal lobe), but kept in the treatment study; three participants were included in both the treatment and comparison group Table 1 Demographic characteristics of study groups. The total DLB cohort (n=11) is described separately by participant inclusion in the comparison study (n=10) or the treatment study (n=4). Of the total DLB cohort, one participant was excluded from the comparison study because of a small venous angioma (right frontal lobe), but kept in the treatment study; three participants were included in both the treatment and comparison group Pilot pharmacological MRI study Four DLB participants took part in a randomized doubleblinded, placebo-controlled pilot study (phMRI study) where CBF was measured after a single dose of donepezil or placebo. Each participant was studied in two separate sessions held 2 weeks apart. Half of the participants were randomized to receive placebo at the first visit, followed by donepezil 5 mg at the second visit; the other half were treated in reverse order. MRI scans were obtained 3 h following oral administration of donepezil or placebo, at the time of peak plasma concentration. Following the MRI scan, participants underwent a battery of cognitive testing. None of the participants experienced adverse effects during the study. Investigators and participants were blinded to the treatment groups.
Statistical analysis
Perfusion images were transformed to a standard atlas based on the intensities in the anatomical reference images. The voxel size in the transformed images was 2 * 2 * 2 mm 3 . For the comparison study, voxelwise statistical comparison was performed using the SPM2 (Wellcome Department of Cognitive Neurology) compare groups function after global normalization and smoothing (using Gaussian kernel of full width half maximum (FWHM) 8 mm) to test for group differences among the control group, the DLB group, and the AD group. Gender was included as a co-variate in a two-way analysis of covariance (ANCOVA) model. Clusters were analyzed on maps thresholded at p<0.05 and only clusters of at least 1600 voxels corresponding to a corrected p<0.05 were retained. A toolbox for SPM that calculates the percentage of a cluster in each of a number of predefined regions within the atlas (Tzourio-Mazoyer et al. 2002 ) was used to systematically identify the anatomical location of clusters. All regions containing at least 2% of each cluster were recorded. One-way ANOVA was used for comparison of cognitive performance. For participants in both the comparison and phMRI study, the imaging and cognitive data obtained on the day of donepezil treatment were used in the DLB group comparisons.
Analysis of the pilot phMRI study was performed using Statistical nonParametric Mapping (SnPM, http://www.sph. umich.edu/ni-stat/SnPM/). A non-parametric approach was chosen because the small sample size could not be assumed to have a normal distribution and the sample has a low degree of freedom. A voxel-level pseudo-t threshold of 2.6 (t-value of 2.35 corresponding to a voxel-level p-value of 0.05) was chosen to define clusters in each permutation. The largest cluster size in each permutation was then used to calculate the empirical distribution in order to correct for multiple comparisons among clusters. Only the clusters with corrected p-values less than 0.05 were reported.
Results
Demographic characteristics
Participant characteristics are shown in Table 1 . Across groups there were no differences in age or education, although the AD group was slightly older than control and DLB groups. For both control and AD groups, slightly more participants were female whereas for the DLB group there was only one female participant. This is consistent with epidemiologic studies showing DLB more often affects males, and persons with AD presenting over the age of 70 more likely to be female (Barker et al. 2002) . A majority of the DLB and AD participants were treated with a ChEI at the time of MRI scanning. All participants were clinically rated as "mild" based on MMSE (score >20), however performance was significantly more impaired for the AD group compared to both the control and DLB groups (p<0.05) ( Table 1) .
Neuropsychological testing
Performance on testing was consistent with cognitive profiles described for DLB and AD. The DLB group had significantly more difficulty with delayed recall compared with controls, but did better on both delayed recall and recognition testing than the AD group, as expected in early DLB where the memory difficulty is usually an encoding and retrieval deficit (Salmon et al. 1996) . The DLB group also showed relative preservation of performance on confrontation naming (BNT) and semantic fluency, in contrast to AD (Table 2 ).
In the phMRI study, all four DLB participants had similar performance on MMSE at baseline (29.5±0.3). Following a single dose of donepezil, significant improvement was found on performance on COWAT, a measure of sustained attention, working memory, and language, across all four participants (Fig. 1) . Participants 1 and 4, who had the greatest improvement in COWAT performance also had the greatest fractional increase in CBF, 24.3% and 19.8%, respectively, while Participants 2 and 3 with only minimal improvement on COWAT had no significant fractional increases in CBF. The improvement on COWAT performance did not appear to be related to practice effect, as participants 1 and 3 were given placebo at visit 1 and donepezil at visit 2, and for participants 2 and 4 the order of drug administration was reversed.
Regional cerebral blood flow
Images of high quality were obtained in all participants. Reductions in CBF were found in DLB, most notably in the frontal, precuneus, parietal, and occipital lobes bilaterally, compared to controls (Fig. 2a and b ) by 10 to 20% (Table 3) . For the contrast of DLB CBF greater than control, no significant regions were identified. When compared to AD, CBF was decreased in the DLB group (Fig. 2b and c) in bilateral frontal, precuneus, and right temporal and occipital lobes by 10-12% (Table 3 ). There were no significant regions found for the contrast of DLB CBF greater than AD. Cluster statistics for reduced perfusion for both DLB compared to control and DLB compared to AD is shown in Fig. 2d and e with anatomical regions containing more than 2% of the cluster size listed. A technical limitation of note is that images for 3 of the DLB participants in the comparison study were obtained using a different scanner and sequence. However, a separate analysis that excluded these 3 participants yielded qualitatively similar results (data not shown).
For the phMRI study, global perfusion after donepezil fractionally increased across the group by 14.5%±5.3% (p<0.05, one-tailed t-test), whereas there was no decrease d Clusters with significant decreases in globally normalized CBF in DLB relative to age-matched controls or e AD. % indicates the percentage of each cluster that falls within the defined region. For (a) and (c), the corrected p-value <0.05 corresponds to clusters of at leastin CBF following ChEI compared to placebo. SnPM analysis revealed significant regions of increased perfusion bilaterally in temporal, parietal, and occipital regions (Fig. 3a) . Perfusion maps from a single subject in the phMRI group is shown (Fig. 3b) . Cluster statistics are reported in Fig. 3c , with anatomical regions containing more than 2% of the cluster size listed. The cluster had a corrected p-value of 0.03.
Discussion
In this study, we identified significant hypoperfusion in early stages of DLB. The most notable difference between DLB and AD was not only the regional pattern of hypoperfusion, but also the relative amount of CBF reduction among clinically defined mild DLB and AD participants. With a greater magnitude of hypoperfusion, DLB participants showed markedly different patterns of performance on cognitive testing. In our pilot phMRI study, ASL-pMRI detected an improvement in association cortex hypoperfusion following ChEI treatment, and this increase in CBF was associated with improvement in cognitive performance.
Regional changes in perfusion
Previous studies identify occipital hypoperfusion in DLB. This pattern is a supporting feature in the diagnosis of DLB (McKeith 2006) , and may serve as a basis for the visuospatial deficits that frequently occur in this disease. However, a decrease in perfusion has also been observed in other regions (Colloby et al. 2002; Ishii et al. 2007) Table 3 Cerebral blood flow (ml/100 g tissue/minute) in clusters of significantly decreased globally normalized blood flow in DLB compared to (a) control or (b) AD. Clusters 1 and 2 in (a) and (b) refers to Clusters 1 and 2 in Fig. 2d including the inferior frontal, temporal, and parietal cortex of participants with DLB compared to normal controls. Our findings looking at clusters of decreased perfusion are consistent with these previously reported patterns, and correlate with the attentional, executive function, episodic memory, and visuospatial dysfunction commonly observed. Furthermore, there is greater reduction in CBF in DLB than in AD. Cholinergic neurons in the basal forebrain may be one of the earliest brain regions affected in DLB with moderate neuronal loss and gliosis in the nucleus basalis of Meynert (NBM) (Albin et al. 1996; Braak et al. 2003) . Recent studies in DLB patients with mild disease find distinct patterns of atrophy in the dorsal midbrain, hypothalamus, and substantia inominata with sparing of cortical involvement (Whitwell et al. 2007 ). Others describe striatal atrophy with more intense hypometabolism in frontal, temporoparietal, and occipital association cortex (Ishii et al. 2007) . A loss of widespread projections to the cortex is a likely explanation for these findings, and a recent study showing reduced cortical acetylcholinesterase binding and glucose metabolism in PET studies (Klein et al. 2010 ) supports this notion. In addition to cortical projections, cholinergic neurons from the NBM project to cerebral blood vessels, particularly in frontoparietal cortex (Sato et al. 2002) . It has been suggested that the physiologic role of this cholinergic vasodilator system is in preparation for increasing cerebral neuronal activity (Sato and Sato 1992) . Thus, regional hypoperfusion in DLB may reflect reduced neuronal activity from both the loss of cholinergic projections from subcortical neurons and dynamic vascular effects, and may contribute to the greater hypoperfusion noted in our DLB compared to AD group.
Cognitive performance and perfusion
Regional reductions in CBF might explain some of the early differences in cognitive impairment in DLB compared to AD. For example, frontal hypoperfusion may be related to symptoms in DLB such as inattention and difficulties on tests of sustained attention, whereas decreased perfusion in the precuneus may play an important role in the impairments in visuospatial function and episodic memory retrieval (Cavanna and Trimble 2006) commonly seen in DLB. In this study, despite a 10-12% decrease in CBF in mild DLB compared to mild AD, participants with DLB had relatively intact performance on the MMSE. A similar finding of disproportionate widespread cortical hypometabolism in DLB relative to AD patients with comparable performance on cognitive testing has been described in a previous study in patients with an average MMSE of 24 (Ishii et al. 2007 ). Ishii et al. speculated that this finding may be a result of better "cognitive reserve" in the DLB subjects or that the MMSE is not sensitive enough to detect the degree of neurodegeneration in DLB. Given that ChAT activity is more reduced in DLB relative to AD (Tiraboschi et al. 2002) , it is possible that the hypoperfusion observed may in part be related to cholinergic dysfunction.
Response to cholinesterase inhibitors
The clinical response to ChEI treatment in DLB is well described and often dramatic (McKeith et al. 2000) . For this reason, treatment of DLB with ChEI is an ideal model for testing the utility of combined ASL-pMRI and drug challenge as an in vivo probe of cholinergic function. Our pilot phMRI study demonstrates that ASL-pMRI can detect changes in perfusion following a single oral dose of donepezil in DLB. The test-retest reliability of ASL-pMRI for measuring blood flow in young healthy subjects demonstrated a 5.8% standard deviation in whole brain blood flow values when measured one hour apart, and a 13% standard deviation when measured 1 week apart. For regional values the standard deviations were 13% and 14% for one hour and 1 week apart, respectively (Floyd et al. 2003) . Others have confirmed the reproducibility of repeated ASL-pMRI scans, with a 95% confidence limit of 12% for whole brain perfusion and 11% for hemispheric perfusion (Parkes et al. 2004) . While the small number of participants limits this study, it is interesting to note the regions of increased perfusion in DLB following ChEI treatment correspond to regions of hypoperfusion observed at baseline. Furthermore, we observed both improved CBF and performance on cognitive tests, specifically, tests of verbal fluency. This is consistent with the notion that frontosubcortical dysfunction may be more directly related to cholinergic functioning (Bohnen et al. 2005) , and observations that symptoms of DLB have a greater response to ChEI treatment than the cognitive symptoms in AD (McKeith et al. 2000) . Further, PET studies comparing DLB with Parkinson's disease without dementia suggest that a cholinergic deficit is necessary for the development of cognitive symptoms (Klein et al. 2010) . The findings in this study, while descriptive, will need to be confirmed in a larger number of participants, and should serve only as a basis for additional future studies. It also must be noted that the participant excluded from the comparison study because of a venous anomaly was kept in the phMRI study, as we did not believe this would affect the CBF response to treatment, except in the nearby frontal lobe.
Limitations
One limitation of this study is that the DLB and AD groups differed in MMSE scores. While the MMSE is often used as a measure of disease severity in AD, it has not been validated in DLB. In addition, matching based on MMSE score is likely flawed due to differences in cognitive domains affected in DLB and AD, as methods which place more weight on orientation, attention, and construction aspects from the MMSE may be more sensitive for differentiating DLB from AD (Ala et al. 2002; Palmqvist et al. 2009 ). However, even without accurate matching on disease severity, the finding of greater hypoperfusion in DLB compared to AD despite a "normal" performance on MMSE remains a clinically important finding.
Second, none of the cases were pathologically confirmed. Without autopsy-confirmed diagnosis, it is possible that participants may have had varying degrees of co-morbid AD pathology, which might produce variability in outcome. However, the DLB consensus criteria have shown high specificity (0.91) and sensitivity (0.83) in a previous prospective study (McKeith 2002) . In our cohort with preserved MMSE and naming performance, concomitant AD pathology seems less likely. Assuming any crosscontamination in the diagnosis, the outcome would be a reduction in power to detect differences and would bias against a positive finding. Thus, our findings of significance differences, despite a potentially conservative bias, provide greater evidence for the robustness of our results.
A key difference between this study and previous CBF studies of DLB patients is the severity of cognitive impairment, and presumably, the stage of illness. Prior studies (Colloby et al. 2002; Lobotesis et al. 2001 ) have included more "advanced" DLB participants with an average MMSE of <18. Participants in the current study were clinically very mild and younger than the AD participants. Changes in CBF over the disease course are not known, but presumably, hypoperfusion reflecting neuronal dysfunction or dysregulation of cholinergic microvascular tone would remain stable or worsen over time, rather than improve. Evidence from a single longitudinal study of CBF in DLB and Parkinson's disease dementia showed no change in cortical perfusion, although putaminal perfusion increased over 1 year (Firbank et al. 2005) . Many prior studies do not specifically comment on ChEI usage at the time of neuroimaging, and it is possible that such studies may have confounded and underestimated the degree of hypoperfusion in the DLB group. In our own comparison study, 80% of the DLB and 69% of the AD participants were being treated with ChEI at the time of the scan, which raises the possibility that the perfusion difference measured here underestimates the true pathophysiologic state. Further, PET studies using fixed doses of donepezil in patients with AD do show variation in the extent of AChE inhibition (Bohnen et al. 2005) , and it is possible that there is significant variability in AChE inhibition in the DLB compared to AD groups due to differences in underlying pathophysiology.
Finally, due to the small sample size of this study, covariates, including the effect of severity of parkinsonism could not be fully addressed.
Conclusions
In conclusion, this study demonstrates that even in mild DLB ASL-pMRI can detect profound decreases in CBF. Following a single dose of ChEI, improvements in both hypoperfusion and cognitive impairments were found. If confirmed in a larger number of participants, these results suggest that the hypoperfusion in DLB may be due to a cholinergic deficiency and that phMRI is a useful tool for the in vivo study of cholinergic function.
Further studies looking at response to ChEI visualized using phMRI are needed to better understand how the response to ChEI changes over time in DLB as well as in normal aging, and in comparison with other dementias such as AD. Ultimately, phMRI may become an important tool to study the pathophysiology of dementia and to advance the development and testing of new and more effective treatment strategies for these conditions. Disclosure The authors report no conflicts of interest.
